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ABSTRACT

The use of paitdDACI for disease treatment has gained an interest in recent years, albeit
exhibiting low specificity, variable efficacy and side effeétach HDAC with its own activity

could be considered as an independent pharmacological target to develop an effectydttaera
circumvents the adverse effects of g4lDACi treatmentHDACS belongs to class | HDAC and

is known to modulate cohesin complex activity through deacetylation of SM@8sdesses a
unique structure among HDACwhich allowedthe developnent ofhighly specific inhibitors,

such as the PE34051.However, HDACS function anis involvement in pathological conditions

is still largely unknownTo examine in depth HDACS8 physiological and pathological roles and
assess whether it can represent a valuable pharmacological target, we analysed its function and the
effect of its inhibition by using botim vitro (cell lines) andin vivo (zebrafish) mods. In
particular, we assessed HDACS8 function in three different tissues and related disprders:
haematopoietic stemnd progenitocells (HSPC)and acute myeloid leukemia (AML))) neural

stem cellsNSC) and Cornelia de Lange syndror(@dLS}); iii) skdetal muscle and Duchenne
muscular dystrophgDMD). We found that HDACS8 overexpression increased the proliferation of
HSPCs in zebrafish and that its inhibition with PCI treatment restored normal phenotype,
favouring cell cycle arrest, and induced apoptosis of AML cells. By contrast, HDAC8 knockdown
lead to impairment of both central nervous system development and skeletal muscle
differentiation. Furthermore, we found that HDAC8 overexpression is also associtt&MD
phenotype and demonstrated that treatment with PCI inhibitor almost restored normal condition.
Such positive effects were underlined by multiple mechanisms, which included cell cycle arrest,

apoptosis induction and modulation of canonical Wnt payhwioreover, by acetylome profiling



we i de ntubulifh aseHBHACS) target thus revealing HDACS involvement in regulation of
microtubule structure

Additionally, to confirm theinvolvementof HDACS8 in the aforementioned pathgles, we
investigatedalso the role of its partnéIPBL. By RNA-seq analyis we assessed the effeuft

NIPBL knockdownon gene expressiorvealing anumber of differentially expressed getiaked

to pathway altered in CdLS or AML.



1. INTRODUCTION

1.1 HDACS

1.11 An overview on hstone deacetylases

Histone deacetylases (HDAJare ahighly conservedamily of enzymes that are responsible for
the removal of acetyl moieties from lysimesidues Since their discovery, 1BumanHDAC
isoforms werecharacterize@nd classifiedbn the basi®n their structure, function, swdellular
localization and homology to yeast HDACAccording to these criteria, four classesre
identified: class | which comprises HDAC12,3 and 8; class Jlwhichis further subdivided into
class lla, incluthg HDAC4,5,7and9, and class Ilb, composed by HDAC6 and HDAC10; class
[II, whichis the class athesirtuins family (SIRT1-7); class IV,with a unigue membdiDAC11.
Clas®sl, Il and IV HDACs are Zrit*-dependent enzymesharing a onservectatalytic domain

By contrast, class llsirtuinsare NAD'-dependent deacetylases and present a different catalytic
domain compared to other HDAQPRarbin et al. 2014)Class | HDACs are mainly nuclear,
whereas other classes members are able to shuttle from the nucleus to the cyogisains
werefound to localizealsoin mitochondriagBanerjee et al. 2019)

HDACswere initially identified as negative regulators of gene expresdéatetylation of lysines

on histone tails by HDACs increases the positive charge of tails, which in turn bind to the negative
charged DNA causing chromatin condensation and preventing transcri@@ioce HDACs lack
DNA-binding capability, they require association with protein dexgs to execute their gene
expression modulation activiffPatra et al. 2019)n addition to this welknown function, studie
revealed that HDACs are also involved in pwanhslational modification of nehistone proteins,
regulating diverse cellular processegh as cell cycle progressjcapoptosisand cytoskeleton

dynamics For exampleclass | HDACswverereported to deacetylageveralkranscription factors



(Banerjee et al. 2019)vhereadHDACG6 was demonstrated to deacetylate tub(iHnbbert et al.

2002)

1.1.2 HDACS: structure and substrates

Histone deacetylase 8 (HDACS) is the lablaracteried class | HDAC It is a ubiquitously
expressedn?*-dependent HDAG@nappedn human chromosome (Buggy et al. R00; Hu et al.
2000; Van Den Wyngaert et al. 200B)DACS is the smallest class | HDAC and studies revealed
that itis characterized byniquefeaturescompared to other members of its clé&Ssucturally,
HDACS8 is a 42 kDgorotein(377 amino acids) consisting of atBrminal serine binding domain
and a HDAC catalytic dom@aj whichalsocontains the nuclear localization sigriake other class

I membes, HDACS8 possesses a catalytyrosine Y306, which is preded bya class | HDAC
specifictetraglycine motif (G302GGGY{JPorter et al. 2016 hese glycine residuesereproven

to play a crucial rolen deacetylation reactigras single amino acid substitutions cause loss of
Y306 catalytic activityPorter et al. 2016 he active site of the enzymecsnstituted by &nnel

that leads to a cavity in which the catalytic site resides. According to crystallography studies, the
tunnelis formed by amino acids F152, F208, H180, G151, M274 and ,X@6h are conserved
among class HDACs, except for methionine 274, which is a leucine in all other classribes
insteadSomoza et al. 2004)s for the catalytic domain, it presents 7 loops-(I7) and the ZA'

ion is located between L4 and LZombardi et al. 2011)Compared tmther class | HDACs,
HDACS lacks the @erminal protein binding domairwhich is required fothe recruitment to
complexes regulating HDACs functipthus suggesting eithés activity might not require co
complexes or it might use different recruitment mechaniédmnoza et al. 2004Also, in
proximity of the active sitéIDAC8 possesseseculiar Nterminal L1 loopin terms of size and
compositionas well as offlexibility. In fact, the L1 loopis highly flexible and capable of
undergoing conformational changes to accommodate differestratés(Somoza et al. 2004)

Additionally, HDACS8 differs from other class | HDACs due to its unique regulation by GAMP



dependent protein kinase (RK which negatively modulaseits deacetylase activity by
phosphorylation of serine S3B. Lee, RezaZadeh, and Seto 2004)

Despite belonging to class |, HDAC8 was shown to localize both imtieeeus and in the
cytoplasm(Waltregny et al. 2005; J. Li et al. 201¥Yhether histones can be considered HIBAC
targets is still debatedin fact, while in vitro deacetylase assays indicated HDACS8 activity over
histones and histone talkerived peptideéBuggy et al. 2000; Hu et al. 2000; Van Den Wyngaert
et al. 2000; H. Lee, Rezdiadeh, and Seto 20Q43uccessive acetylomstudes failed in
identifying acetylation changes of histones following HDAC8 modulafofson et al. 2014;
Scholz et al. 2015)On the contrary, among nuclear substrageveral proteins involved in
transcription regulation and mRNA processing were identifiéd.first evidence adeacetyltion

of transcription factorby HDACS8 was reported byVilson and colleagugesvho showedthat
HDACS positively modulateestrogesr e | at ed r e c @ndihgda DNA, bathie RtRU )
andin vivo (Wilson et al. 2010)More recentlyan acetylometudy identifiedothertranscription
factorsand mRNA processing modulatoas candidate HDACS8 targetsuch asretinoic acid
induced 1 (RAI1)AT-rich interactive domaktontaining protein 1A (ARID1A)zinc finger Ran
binding domaircontaining protein 2 (ZRANB2and nuclear receptor cactivator 3 (NCOAS3)
(Olson et al. 2014)nterestingly HDAC8 wasshownto negatively modulat@53 function Wu
and colleagues demonstrated that HDA®B only suppressep53 activity through deacetylation
of Lys382, but alsodownregulats its expression, thus promoting cell cycle progression and
inhibiting intrinsic apoptotic pathwafWu et al. 2013)importantly, p53 deacetylation by HDACS8
wasdemonstratetb play a pivotal role ifavouring longterm hematopoietic stem cell (EFISC)
survival under hematopoietic stress, as conditibtadc8?’ fice showed a progressive loss of
HSC repopulating capaltyi over time(Hua et al. 2017)Another weltknown HDAC8nuclear
substrate is the cohesin complex prosmctural maintenance of chromosome 3 (SM@B8jch
acetylation/deacetylation modulate cohesin recydlsegparagraph 1.1.3 (Deardorff, Bando,

et al. 2012; Scholz et al. 2015)



As for cytoplasmic substratddDACS8 seems to be mainly involvadthe deacetylation dgargets
associated withcytoskeleton dynamics. Li and colleagues demonstrated that HDACS is
responsible forcortactin deacetylationin smooth muscle tissue in response to acetylcholine
stimulation thusstrongly affedhng smooth muscle contraction dsacetylated cortactin is able to
induce actirpolymerization(J. Li et al. 2014)Also, HDAC8wasshown to associate with smooth

mu s c daatin (Waltregny et al. 2005; Saito et al. 201Sjmilarly, HDACS inhibition was
reported t o ne g-Bduced @mhtractioa in huemart lung fiBrbladEaito et al.

2019) Moreover, a recergaperhighlighted a new role for HDACS8 as a-tlibulin deacetylase in

HelLa cells(Vanaja, Ramulu, and Kalle 2018)

In addition to its canonical deacetylase activity, a scaffolding function has been proposed for
HDACS. Evidence supporting this hypothesis came from Gao and colleagues, who showed that
HDACS8 binds bothcAMP response elemebinding protein CREB) andprotein phosphatase 1
(PP, thus favouring CREB dephosphorylatiby PP1and reducing CREB-mediated gene

expressior{d. Gao et al. 2009)

1.1.3 HDACS8 and cohesin

Cohesin is a ringhaped multiprotein complex which is highly conseramdong speciedt
favoursDNA encircling and mediate diverse functionspuch asmodulation of sister chromatid
cohesion during celtycle (Michaelis, Ciosk, and Nasmyth 1997; Watrin and Peters 2009;
Jeppsson et al. 2014)nd transcriptionategulation by both mediating chromatin architecture
modification(Wendt et al. 2008; Kagey et al. 2010; Seitan et al. 2013; Lyu, Rowley, and Corces
2018; Bernardi 2018nd interacting with RNA polymerase I

The cae structure of the complex in human is composed by structural maintenance of chromosome
1 and 3 ( SMC1 a-klaisin SuBLGIBRAD21 thgmoloduesof ydast Soddasmyth
2011)and by either stromal antigen 1 or 2 (SA1 and SA2, also known as STAG1 and STAG?2)

(Canudas and Smith 2009 addition, several other factors associate with cohesin to modulate



its function, such as the Nippedlike (NIPBL) and MAUZ2 proteins, which are responsible for
loading the complex onto DNACiosk et al. 2000; Krantz et al. 2004)

Cohesin operates in a cyclic manreig(re 1): it is loaded onto DNA, performs its function and
then is removed from the chromosome to start a new dyateheproper occurrence of theycle,
the acetylationof SMC3is crucial, as it makes the complex cohesimehuman acetylation of
SMC3 occurs on K105/K106 and is performed by ESCO1 or ESCO2 acetyltrangféoasand
Zou 2005; Vega et al. 2005yhereas HDACS deacetylatésetsubunit to mediate recycling of the

complex(Deardorff, Bando, et al. 2012)
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Figure 1: Cohesin complex and accessory factors. Adapted f(@ezzotta et al2019)

1.1.4 HDACS8 and disorders

In the last yearsomestudies revealed increasing evidence of HDACS8 involvement in several
diseases, ranging from cancer to viral infectigfgure 2). The first description of HDACS8
involvement in humadisordersvasin patients affected bornelia de Lange Syndrome (CdLS)
(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et 44;28. Gao et al. 2018p

multiorgan disorder characterized by intellectual disability, fadgsmorphism, growth



retardation, limb defects and cardiac anomdliédme et al. 2018)and associated to mutation of
cohesin member§onkin et al. 2004; Krantz et al. 2004; Musio et al. 2006; Deardorff et al. 2007,
Deardorff, Wilde, et al. 2012)n these patientslDAC8 mutations are mainlge novomissense
mutations causing complete or partial lossdefcetylase activitgnd theywere reported to
associate with severely skewedn&ctivation, thus suggesting a strong negative selection for the
mutant allel§Deardorff, Bandpet al. 2012; Decroos et al. 2014; Kaiser et al. 2014y HDACS8

or other cohesin subunits mutations cause CdLS is still delfastel chromatid cohesion was
unaffected in CdLS patients (Castronovo et al. 2009)recent works highlighted dysregulation

of multiple vital biological processes in mutant cohesin cell lines (Liu et al. 2009; Yuen et al. 2016;
Mills et al. 2018), thus suggesting that the mechanism underlying the syndrome may be a genome
wide gene expregm dysregulation Indeed, HDAC8 mutations causelysregulation of gene
expressionn a lymphoblastoid cell line (LCLYerivedfrom a CdLS patientand the genome
alterationstrongly correlated with thodeund in cell lines carrying mutation dIPBL (Deardorff,
Bando, et al. 2012)

Differently from CdLS, naHDACS8 mutation has been associated to cancer scCtaversely
HDACS8 dysregulationor overexpression was reporte8l study by Nakagawa and colleagues
identified HDACS8 overexpression in severahnces, including lung gastric, pancreaand colon
cances (Nakagawa et al. 2000 hepatocellular carcinomtdDACS8 upregulation was associated

to increased proliferation and inhibition of apoptd¥i&i et al. 2013)whereas in a model of non
alcoholic fatty liver diseasassociated hepatocellular carcinoma (NAFagsociated HCQ) was
demonstratetb both sustain NAFLD by inducing insulin resistance and premoobour growth

by positively modulating the canonical WNT pathw@yan et al. 2015)In breast cancer cells
HDACS8 was reported to promote invasion through induction of metallopeptid@d3a o et al.
2011) and its high expression was correlated with advanced stage neuroblastoma and poor
outcomeg(Oehme et al. 2009HDACS8 wasassociated to haematological malignancies as well. In

a study by Moreno and colleagyas increase in HDACS8 expression was found in a group of 94



childhood acute lymphoblastic leukemia (ALL) patie(ioreno et al. 2010)ts overexpression
was reportealsoin adult T cell leukemia/lymphoma (TLLHiguchi et al. 2013and in human
myeloma cell linegMithraprabhu et al. 2014)nterestingly, in a particular subset of acute myeloid

leukemia (AML) patients carrying an inversion on chromosome 16 (inv(HD)ACS8 was

demonstrated to interact w i -BMMHC, ltensisting efuhet i n g

RUNX1 binding interfaceoforeb i ndi ng f act or BcoilrdBe§gidnpf smootd t
muscle myosin heavy chain (SMMH@purst et al. 2003)More recently, Qi and colleagues
showedthat the in¥16) fusion pratin leads to increased deacetylation of p53 by HDACS, thus
causing p53 inhibition and promoting survival and proliferation of inv(28JIL CD34" cells.
Interestingly, they identified an increased HDAC8 expression onlyin inv(16)" AML CD34"
cells, but also in neimv(16)" CD34" cells deriving from AML patientfQi et al. 2015)suggesting

that a specific HDACS inhibition could be a prismg therapeutic treatment for several types of
AML. In addition tothe negative modulation of pS&ctivity, HDACS8 was proposed to contribute

to tumour progressiomhrough interaction with eveshorter telomerase 1B (EST1B), which
prevens ubiquitinrmediated EST1B degradation and incredstomerase activity in Hela cells
(Heehyoung Lee et al. 2006)

Besides CdLS and cancer, HDA@8salso associated to infections.fact,the HDACS ortholog

of Schistosoma mansonias demonstrated to be crucial for the survival of the parasite worm
(Marek et al. 2013and human HDACS8 was shown to promote penetration of InfluenzadA

Uukuniemi virus into cell§Yamauchi et al. 2011)
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Figure 2: HDACS is associated to several diseases. Fi@anerjee et al. 2019)
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1.2 HDAC inhibitors

1.2.1 HDACI: pros and cons

HDAC inhibitors (HDACI) aredrugsthatblock the activity of histonéleacetylasg thusrestoring

or increasing acetylation levels of historeesdother norhistone target proteinsiDACi mainly
comprise four classes of molecules: short chain fatty acids, hydroxamic acids, benzamides and
cyclic tetapeptidegFischer et al. 2010)

HDACI are now widely usedas anticancer drugdecause differentumoursshow a global
decrease of acetylation levelse toHDACsoverexpressiofParbin et al. 2014 5tudies involving
HDACI showed their potential in inhibiting tumours survival and pesgionin both solid and
haematological malignancie&€eccacci and Minucci 2016; Imai, Maru, and Tanaka 2016;
Eckschlager et al. 2017)his anticancer activity is related to multiple mechanisms of action of
HDACI, which includecell cycle arrest, modulation of prand antiproliferativefactors such as
proliferating cell nuclear antigen @NA) and p21,apoptosis inductiorand inhibition of
angiogenesigKuefer et al. 2004; X. N. Li et al. 2005; Shabbeer et al. 2007; Sun et al.. 2909)
the wake of these promising resulsgveral HDACI are currently under penical study or
clinical trials as antcancer treatment and the Food and Drug Administration (FDA) already
approved clinical ustr four of them, namely vorinostat, romidepsin, beitaiandpanobinostat.

In particular, vorinostat (also known as suberoylanilide hydroxamic acid, SAHA) and romidepsin
are currently used in the treatment of cutanecusllllymphoma (CTCL), whereas belinostat and
parobinostat were approved for the tneant of peripheral Tell lymphoma and multiple
myeloma, respectivelfEckschlager et al. 201.7ln additionto their anticancer effects, HDACi
have emerged as potential therapeutic approach also for other pathologies, such as
neurodegenerative and psychiatric disorders (reviewéQioyet al. 2017) Interestingly, HDAG
inhibition has recentlemergedas an attractive pharmacological approach for the treatment of
Duchenne muscular dystrophy (DMD)Xalinked skeletal muscle disordeaused by mutations

in the DMD geneencoding for dystrophifHoffman, Brown, and Kunkel 1987 fact, several

11



works revealed a crucial role for HDACs in the epigenetic regulation of myogei@stennes,
Brun, and Rudnicki 2016and their inhibitionwas proven to favour myoblasts fusion and
myogenic differentiation by promoting skeletal mestifferentigion and regaeration(lezzi et

al. 2002; 2004; Kobayashi et al. 2007; Saccone et al. 2Dl#is regard, HDACI efficacy im
vivoDMD models haalready been provgiMinetti et al. 2006; Colussi et al. 2008; Johnson, Farr,
and Maves 2013ndHDACI Givinostat is currently iphase Il clinical trial

Despitedisplaying a promising potentiabliDACI use is still limited by safety issueshich are
likely due to the lack of specificity. In fact, due to structure conservation among HDACs, most of
the HDACI are nonselective and act as gdDACI, thus conditioning a number of cellular
processes agasultof inhibition ofall HDAC proteinscausinganumber of side effects, including
nausea, anorexia, thrombocytopenia and metabolic dysfun¢8absamanian et al. 201As a
consequence, many HDACI fad to pass clinical tri@ Thus, current effortfocus onbetter
understand the role of single HDACs in pathologieddevelop more selective inhibitarsorder

to improve therapy outcome

1.2.2 HDACS specific inhibition

The peculiar structure of HDAG&omoza et al. 2004)lowedthe development of highly specific
inhibitors even though none of them has been approved for clinical u@ayedrjee et al. 2019)
To date, more than 20 HDACi showed HDACS inhibition capability, includinghf@ACi and
HDACS selective inhibitorsSeveral ompounds that exhibit HDAC@®hibition specifiaty were
identified,such asydroxamic acid¢KrennHrubec et al. 200;/iriazole(Suzuki et al. 2014and
metasulfamoyl N-hydroxybenzamidegZhao et al. 2018)Most potent HDACS8 selective
inhibitors include tetrapeptide derivativ@&idya et al. 2012)aryl hydroxamate derivative PCI
34051 (Balasubramanian et al. 2008nd triazole analogue Q1l (Ingham et al. 2016)
Interestingly, PGIB4051 (hereafter PQlshowed a >208old specificity for HDAC8 than other

HDAC isoforms(Balasubramanian et al. 2008)

12



HDACS inhibition was extensively assessed as ancamcer approachnd it was reported to
mediate several aatimoral mechanismdn in vitro and in vivo models of neuroblastoma,
treatment with HDACS8 specific inhibitors induced apoptosis and retinoic aecrdediated
differentiationtogether withgrowth arrest througtpregulaion of p21(Rettig et al. 2015)Similar

results were reported by Lopez and colleagues, who obsernmthse cell cycle arrest and
apoptosis in human and mouse malignant peripheral nerve sheath tumour (MPNST) cell lines
following treatment withHDACS inhibitors (Lopez et al. 2015)Consistently, PClreatment
determined cell cycle arrest and apoptosis in BED4 and PLC3iver cancer cells but not in

LO2 and HepG2 cell lines, whicexpresed low HDACS levels(Tian et al. 2015)Also, in
inv(16)" CD34" AML HSCs inhibition of HDACS8 restored p53 acetylation, causing-p53
dependent apoptosis and abrogating AML survival and progre@3iaet al. 2015)Differently,

in T-cell lymphoma cell lines PCI treatment induced caspased i at ed apopt osi s
dependent calcium mobilizatiofBalasubramanian etl. 2008) In colon cancer cells HDAC8
inhibition by methylselenocysteine (MSC) induced activation of Betlifying factor (BMF)
mediated apoptotic pathwéigang etal. 2014) In breast cancer cell lines, PCI treatment inhibited
proliferation and reduced migratioAn et al. 2019) Interestingly, Dasgupta and colleagues
suggested that alteration of cohesin transcriptional activity might not be one -téiraatal
mechanisms underlying HDACS inhibitors efficacy, as one could expect due to HDACS8 regulation

of SMC3 acetylation staty®asgupta et al. 2016)
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1.3 The zebrafish model

1.3.1 Zebrafish use in research

Zebrafish Danio rerio) is asmall @-4 cm) freshwater teleost belonging to tBgprinidaefamily

and hailing from Asia (India, Pakistan, Bangladesh and Nefelrafish use as a research model

is rapidly catching on as it confers a number of advantagasparison to other animal models,
such as mouser rat Theseadvantagesnclude: relative low cost of maintenance; easy
manipulation; external fertilization, which aveithe sacrifice ofmothers to study embryonic
development; high numbepof fertilized eggs from a single mating, which guarantee samples
numerousnesgossibility of directly observe organ developméduoe tooptical transparency of
embryos within the first 24 houpst fertilization (hpf)awindow which can be further expanded

by preventing pigmentatiotihroughaddition of1-phenyl 2thiourea(PTU) to fish wate(Karlsson,

Von Hofsten, and Olsson 200Bebrafish is widely uskas a tooko study gendunctionsin
biological processes arttldeir involvement irdisease insurgenck is a good tool to model human
diseases by either inducing a transient dysregulation of specific gene expression or by generating
mutant lines carrying diseasssociated mutations

To transientlymodulate gene expression, in terms of gene knockdown or gene overexpression, the
most applied method is to inject specific gepguences in zebrafish embryos atell stage of
developmen{Rosen, Sweeney, and Mably 2008)pecific gene knockdown can be obtained by
injection of a specific modified antisense oligonucleotide sequence, called morpholino (MO),
which can bind mRNA at the level of either ATG transcription start site, or a specific splicing site.
In the first cas, protein synthesis is completely block@thsevicius and Ekker 20Q0h the
second case, exon skipping or intron retentionde&athesynthesis of a defective protdinraper,
Morcos, and Kimmel 2001Dverexpression of a specific gene can be performadjbgting the
relative full-length mMRNA sequenceThe main limitatios of this techniqueare the transient

activity of morpholing which maximum effect is reached at 3 days gestilization (dpf) by

14



totally disappearing at 6 digNasevicius and Ekker 20Q0(gnd transient expression ofRNA
which undergoes a rapid degradation

To overcame these limitg, would bepossible to generateebrafishmutants, carmpg specific
genemutatiors. Generation of mutant linesan be achieved by multiple systesush as\-ethyt
N-nitrosurea ENU) (Mullins et al. 1994)a methodconsisting inadult zebrafish males expog

to ENU in order to mutagenizbeir spermbefore matingvith adult females, thus giving birth to

a spawn carrying heterozygous mutatidrtgs technique ikighly efficientbut itis limited by the
randomness of induced mutatiodoens et al. 2008)In recent yeargeneration of mutant
zebrafish linesmproved both in terms of efficiency and specificity due to introductiayeabme
engineering techniqgewhich allow precise genediting such as zindéinger nuclease (ZFN),
TALEN and CRISPR/Cas9 technolo@orteus and Carroll 2005; Sander et al. 2011; M. Li et al.
2016)

Zebrafishgenome editings alsowidely usedto generate transgenieporterlinesthatexpress a
fluorescent reporter gene, such as GFP or mCherry, in specific cefissoesin different
conditions To generate transgenic zebrafidime using gene editing tenblogies aknock-in
should be performed to insert the coding sequence of a reporter gene in a specific gene locus
downstream the promoter sequence which can control the tissue specific expression of reporter
gene in different conditionsFor example, theTg(CD41.GFP) line expresses GFP in
haematopoietic stem and progenitors cells (HSRGs)et al. 2005; Ma et al. 2012While in the
Tg(TOPdGFRline GFP expression is under controtahonical WNT pathway activit§Dorsky,
Sheldahl, and Moon 2002)

In addition to genetic studiesglarafishalsorepresents a good model for dregting, as ibffers
several advantages in drug screening compared toiothigro andin vivo models(MacRae and
Peterson 2015)n fact,the large number of embryos obtained by a single mating allotesto
several molecules or different doses of a specific drug at aisx®.treatment withdrugs is easy

to perform, as embryos can adsaerball compounds directly from fish wateidditiondly, the

15



transparency of embryos permits direct observation of organs developmengidtimgs an

immediate reagut of specific and side effects tdsted drugs

1.3.2 Zebrafishas a model to study HDAC8

Several molecular mechanisms adedvelopmental processes are highly conserved between
zebrafish and mammal$herefore, the zebrafish is a valuable model to study HDACS8 functions
in physiological processes and related disorders. These include haematopoiesis and AML,
neurogenesis and CdLSkeletal muscle development abWD. Zebrafishis widely adoptedas

a model to study haematopoiesis and haematological disohleebrafishtwo haematopoietic
waves occurprimitive and definitive, which are temporarily separated by a transient irtiet@e

wave (Bertrand et al. 2007; Paik and Zon 20I®@)imitive haematopoiesis begins at theanite
(around 10.5 hpf) stage of embryo developmentgwels riseto erythroid and myeloid lineages
cells(Detrich et al. 1995; Bennett et al. 2001; Lieschke et al. 2002gfinitive heematopoiesis

which begins at around 30 hgelf-renewng haematopoieticells (HSCs), which differentiate in

all blood cell typesnd sustain haematopoiethsoughoutadulthoodBertrand et al. 2010xarise
Zebrafish represesta useful model to study haematopoiesis as oxygen exchange in zebrafish
embryos can entirely rely on passive diffusion until 7 dpf, thus making possible to use it as a
powerful tool to study haematopoiesedated mutations that woulek lethal in other models, such

as mousdGore et al. 2018)Furthermore despite haematopoiesis takes place in different sites
compared to mammals, genes and molecular mechanisms regulating this process are highly
conservedPotts and Bowman 2017y his knowledge led to the generation of several transgenic
lines for specific blood populations, which allow an easy and rapidaeiadf perturbation of
haematopietic processes and represent a powerful tool to study haematopoietic dislorders.
particular, zebrafish is extensively used to study AML, both by employing mutant lines carrying
AML -specific mutation or chromosomal rearrangements, such as AMIA(Yeh et al. 2008)

or by taking advantage of transgenic lines to assess the efigygsrefjulatiorof specific genes,
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such as nucleophosmin (NMP@Barbiqi et al. 2016; Mazzola et al. 2019n haematopoietic
progenitor selrenewal and differentiation capability. In this regard, TgéCD41:GFP)line (Lin

et al. 2005; Ma et al. 20119 a useful tool to study HDACS activity in HSPCs and its implication
with AML.

Analogously to haematopoissalso myogenesis occurs in two waves in zebrafish. The primary
myogenic wave takes place after somites formationgares rise to a functional myotome by 24
hpf, the secondary myogenesis occurs between 48 and 72 hpf and is characterized by
differentiaton of secondary muscle fibefRossi and Messina 2014)espite some differences,
such as the stage of skeletal muscle commitmenteaistience of a myogenic presomitell
population (known as adaxial cells) in zebrafiSktickney, Barresi, and Devoto 200@)olecular
basis underlying skeletal muscle development are wefiserved between zebrafish and
mammals. These includes, for example, Myf5 and MyoD transcription fa@escan 2001)
Importantly, studies demonstrated that zebrafish is a useful system to model DNt by
either generation of mutant lingBassettet al. 2003; Jeffrey R. Guyon et al. 2009y by
morpholino injection(J. R. Guyon et al. 2003t is possible to obtain a sever DMD phenotype
which better recapitulasehuman DMD phenotype thakdx mouse(Maves 2014) Therefore,
zebrafish representssaitablemodel to study HDAC®&ole in skeletal muscle development and its
possible involvement in DMD.

Zebrafish isa widely adopted tool to study neurogenesis, asngurons show a degree of
proliferation potentidy higherthan mammals during adultho¢8chmidt, Strahle, and Scholpp
2013) Zebrafish embryonic neurogenesis begins as soon as gastrulationaratissegulated
by factors and signaling pathways which are higbdynserved inhigher vertebrates. Some
examples are Fgf and Wnt signalif@chmidt, Strahle, and Scholpp &)1 Noticeably, the
canonical Wnt signaling, in addition to neurogendgw&amborn et al. 2018)is involved in
skeletal muscle developmefRudnicki and Williams 2015HSC selrenewal(Richter, Traver,

and Willert 2017)and AML (Gruszka, Valli, and Alcalay 2019nd was demonstrated to be
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modulated by HDACS8(Tian et al. 2015) Indeed,zebrafishis widely adopted tcstudy the
canonical Wnt signalingDorsky, Sheldahl, and Moon 2002; Pistocchi et al. 2013; Basddial.
2016; Mazzola et al. 20190 hus, it represents a suitable model to investigate HDACS role in the

aforementioned processes.
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2. AIM

PanrHDACI are rapidly gaining interedor the treatment of diversdiseass, such as cancer.
However,the use of patdDACI is still hampered bjow specificity andsafety issues, aeveral

side effects are associated with theévtore effective therapies which circumvent the adverse
effects of parHDACI treatment might be developed by pharmacologically targeting single
HDACs with their own activitySince HDAC8 possesses a unique structure among HIAEs
possible talevelophighly specific inhibitorssuch as the P€34051 A more extensivinowledge

of HDACS8 physiological function and involvement in diseases wmade it possible to employ
such specific inhibitors in order to improve the outcome of thefi@mpisorders involving HDACS8
dysregulationOn this basis, the aim of this thesis is to study more in depth HDACS8 physiological
and pathological functions and to evaluate its inhibition by the highly selective inhibiter PCI
34051 byusing both cell lines anthe zebrafish Danio rerio) model. Since HDACS is strictly
associated to the cohesin complarotherobjective of this thesiss toindirectly validate and
expand our findings on HDACS8 function bgsessg the role of another modulator of thehesin

complex NIPBL.
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3. RESULTS: PUBLISHED PAPERS

3.1Modeling Cornelia de Lange syndromen vitro and in vivo reveals

a role for cohesin complex in neuronal survival and differentiation

Cornelia de Lange syndrome (CdLS) is a multiorgan disorder vhiaksociated to mutatiom
gene enading for cohesin complex proteins, includirdpACS8 lossof-function mutations. A
typical feature of CdLS is a severe intellectual disability, likely due to defécentral nervous
system development. To assess the efieetDAC8 deficiency in nervous system, in this work
we downregulatedhe expression oiDACS8 in neural stem cells (NSCsnd evaluated their
proliferation and differentiation capabilityn paralle] we assessed the impact 6fDACS
deficiency on nervous system development alseiwo perforning hdac8 knockdown in the

zebrafish model
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Abstract

Cornelia de Lange syndrome (CdLS), which is reported to affect ~1 in 10 000 to 30 000 newborns, is a multisystem organ
developmental disorder with relatively mild to severe effects. Among others, intellectual disability represents an important
feature of this condition. CdLS can result from mutations in at least five genes: nipped-B-like protein, structural
maintenance of chromosomes 14, structural maintenance of chromosomes 3, RAD21 cohesin complex component and
histone deacetylase 8 (HDACS). It is believed that mutations in these genes cause CdLS by impairing the function of the
cohesin complex (to which all the aforementioned genes contribute to the structure or function), disrupting gene regulation
during critical stages of early development. Since intellectual disorder might result from alterations in neural development,
in this work, we studied the role of Hdac8 gene in mouse neural stem cells (NSCs) and in vertebrate (Danio rerio) brain
development by knockdown and chemical inhibition experiments. Underlying features of Hdac8 deficiency is an increased
cell death in the developing neural tissues, either in mouse NSCs or in zebrafish embryos.
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Introduction

During embryonic development and, in mouse, up to 4 weeks
after birth, the brain is shaped by immature neurons generated
in excessive number that die before maturation is completed.
This process is fundamental for achieving optimal brain con-
nectivity, and a number of brain disorders have been associ-
ated with altered neuronal cell death (1,2). It has also been
shown that disturbing this finely tuned developmental process
exerts detrimental effects on cell composition and global brain
activity impacting on cognition (3). Signals involved in this bal-
ance are numerous and vary both during developmental stages
and within involved brain areas. Some signals are considered
‘core’, thereby inhibiting cell death allowing for proliferation
and differentiation, others are ‘neuron-type specific’ reflecting
differences in receptors expressed on the cell membrane (4,5).
Neurogenesis during embryonic development, hence, envisages
excessive differentiated neurons that will be removed if not
fully integrated, starting from a pool of progenitor cells named
neural stem cells (NSCs). In lower mammals such as mice prim-
itive NSCs are present from embryonic day 5.5 (ES.5). At E7.5,
neural induction begins and the forming neural tube gives rise
to the brain and the spinal cord. The cell population com-
posing the neural tube consists of a relatively homogenous
population of neuroepithelial cells that proliferate and expand
through symmetric division. In the developing embryo, radial
glial cells comprise NSCs that divide symmetrically to increase
pool size and originate progenitors that migrate away from the
periventricular germinal zone (6). In adults, the subventricu-
lar zone (SVZ), which extends along the length of the lateral
wall of the lateral ventricles, and the dentate gyrus of the hip-
pocampus represent the two most important reservoirs of NSCs
(7). NSCs’ self-renewal, expansion, division and differentiation
are controlled by a number of factors, both extrinsic (such as
morphogens) and intrinsic (such as epigenetic modifications).
Among these, hierarchically prominent role has been shown for
chromatin remodeling, including accessibility and histone mod-
ifications (8). Interestingly, Cornelia de Lange syndrome (CdLS)
is a genetic disorder caused by mutations in genes codifying
for proteins regulating both chromatin features (CdLS1 MIM
Mendelian Inheritance in Man 122470, CdLS2 MIM 300590, CdLS3
MIM 610759, CdLS4 MIM614701, CdLS5 MIM 300882). Indeed,
80% of CdLS patients present mutations in one of five genes:
NIPBL Nipped-B-like protein, structural maintenance of chromo-

1.0x101° A

1.0x10%

.0x100%

1.0x10%4

Number of cells

1.0x1002

Days

Figure 1. Growth curve and apoptosis of the PCI34051 treated cells. Reddish colors
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somes 1A (SMC1A), structural maintenance of chromosomes 3
(SMC3), RAD21 cohesin complex component (RAD21) and histone
deacetylase 8 (HDAC8) (9). The first four genes are part of the
cohesin complex, a multimeric structure controlling chromoso-
mal cohesion in all eukaryotic cells (10). The fifth gene, HDACS,
encodes for a class I histone deacetylase, hence considered an
‘eraser’ in the epigenetic machinery components (11) with a
known target (SMC3) in the cohesin complex (12). The present
study sought to ascertain HDAC8 role in mammalian NSCs’ capa-
bilities and during vertebrate embryonic brain development,
with a particular emphasis on cell death as previous studies have
shown the fundamental role of cohesin complex to maintain
viable cells during embryonic development in neural tissues and
given the importance of HDAC8 in regulating a master regulator
of cell death (i.e. p53) (13-18).

Results

HDACS inhibition reduces murine NSCs’ proliferation
rate, inducing apoptosis and differentiating capabilities
During the proliferative phase, cells continuously treated
with a specific inhibitor of HDAC8 activity N-hydroxy-1-[(4-
methoxyphenyl)methyl]-1H-indole-6-carboxamide showed a
lower proliferative capability. The proliferation of PCI34051-
treated NSCs was significantly lower compared to controls, as
shown in Figure 1A, in which the average of three experiments
for each culture is shown. The slopes of the growth curves are
significantly different (P < 0.044) and the overall number of cells
treated with PCI34051 decreased during culture whereas the
number of the cells treated with dimethyl sulfoxide (DMSO)
(CTR) Control exponentially increased during the experiment.
Analysis of cell death revealed a significantincrease in apoptosis
following treatment with the inhibitor (Fig. 1B).

Treatment with HDACS inhibitor caused a change in differen-
tiation capabilities significantly reducing the levels of expression
of B-tubulin III P < 0.01 (Fig. 2) of ~50% at both time points
(Fig. 2B and C).

Hdac8 silencing reduces murine NSCs’ proliferation rate
and differentiating capabilities

The knockdown of Hdac8 transcript in NSCs using specific small
interfering ribonucleic acids (siRNAs) induced a significant
reduction of the proliferative capability. siRNAs effects were
synergist, although of less impact compared to inhibitor
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ish colors r PCI34051 treated cells. (A) In red

P the controls, g P

#A DMSO, in purple #B DMSO, in pink #C DMSO; in light green #A PCI34051, in green #B PCI34051, in bright green #C PCI34051; in purple with dashed line represents
the mean of the three samples treated with DMSO, in green with dashed line represents the mean of the samples treated with PCI34051. (B) Apoptosis levels induced

by PCI34051treatment expressed as absorbance (Y axis) per samples (x axis).
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Figure 2. Immunofluorescence analysis of NSCs differentiation. (A) DMSO-treated sample (controls). (B) PCI34051-treated sample for 3 days. (C) PCI34051-treated sample
for 5 days. (A’) Magnification of white box in A showing f-tubulin 11l and GFAP positive cells. (D) White column CTR (DMSO-treated), gray column PCI34051-treated cell
between days 5 and 7 of the differentiation, black column PCI34051-treated cell between days 3 and 7 of the differentiation. **= P = 0.0017. Scale bar indicates in

A =25pm,in A’ = 10 pm, Blue DAPI, green GFAP, red §-tubulin IIL

Total cell number *108

#C

Figure 3. Proliferative changes induced in NSCs by the knockdown of Hdac8
NSCs. The knockdown of Hdac8 transcript causes a significant reduction of
NSCs proliferation in all three analyzed cultures. The analysis was performed
comparing also PC134051 effects. Bars represent from left to right, for each
dataset, CTR, PCI34051, CTR siRNA, HDACS8.1, HDAC8.2 and HDACS8.1+ HDAC8.2.

treatment (Fig. 3). The knockdown of Hdac8 transcript in NSCs
induced a significant reduction of proliferation in all analyzed
samples, with a stronger effect upon using a combination of
HDAC8.1 and HDACB8.2 siRNA (10 nM each). Nevertheless, even

10

2

Percentage of 3-Tubulin IlI
positive cells

0.
Figure 4. Changes in differentiation induced in NSCs by the knockdown of
Hdac8 NSCs. The knockdown of Hdac8 transcript causes an alteration of NSCs’
differentiation. The analysis was performed comparing also PCI34051 effects.

Bars represent from left to right CTR (3/7), PCI34051 (3/7), CTR siRNA (3/7),
HDACS8.1 + HDACB.2 (3/7), CTR siRNA (5/7) and HDAC8.1 + HDAC8.2 (5/7).

the single treatments were able to induce a significant (P < 0.05;
sample A) or highly significant (P < 0.001; sample C) reduction
of NSCs’ proliferation. The knockdown of Hdac8 transcript in
differentiating NSCs reduces, ~30%, in a not significant fashion
the expression of g-tubulin III (Fig. 4), supporting the outcome
observed following chemical inhibition.
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Figure 5. Expression analysis of hdac8in zebrafish. (A and B) RT-PCR performed on different embryonic stages: hdac8 and [J-actin expression are shown. (C-D”) hdac8 WISH
analyses on zebrafish embryos at 24 and 48 hpf developmental stages. (C) 24 hpf embryo showing hdac8 expression in different regions of the CNS (eyes, diencephalon,
mesencephalon, hindbrain), in muscles and in the gut. (C') Dorsal view (anterior to the left) of the different regions of hdac8 expression in the CNS. (C") Transverse

histological sections (section level is indicated in C with black line) of a previously hybridized embryo at 24 hpf. hdac8 was expressed in the hindbrain. (D-D’) hdac8

Tal

hindl
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hpf. (D”) Transversal sections of the head at 48 hpf (section level is indicated in D with black line). ep, epiboly; e, eye; di, di

bud; mus, muscles; g, gut. Scale bars indicate 100 pm.

Zebrafish hdac8 identification and expression
analyses

The human HDAC8 amino acid sequence was used as a query for
identifying in silico the zebrafish hdac8 gene. NCBI (http://www.
ncbi.nlm.nih.gov/BLAST/), ClustalW (http://www.ebi.ac.uk/Tools/
clustalw/) and SMART (http://smart.embl-heidelberg.de/) tools
were used for basic handling and analyses of the nucleotide and
protein sequences. Zebrafish hdac8 is present in a single copy on
chromosome 7 (nucleotide position: 51 710 354-51 749 895).

Characterization of zebrafish hdac8 expression, using reverse
transcription-Polymerase Chain Reaction assays (RT-PCR) tech-
niques, revealed that the transcript was present from the first
stages of development up to 4 days post-fertilization (dpf), thus
including maternal and zygotic transcription (Fig. 5A). Moreover,
zebrafish hdac8 was found to be expressed through development
and in adult organs such as muscles, oocytes, brain and gut
(Fig. 5B).

Whole-mount in situ hybridization (WISH) expression anal-
yses in embryos at 24 h post-fertilization (hpf) with a specific
probe for zebrafish hdac8 showed the presence of the transcript

phalon; m, midbrain; h, hindbrain, fb, fin

in the central nervous system (CNS), specifically in the dorsal
part and eyes (Fig. SC-C”). Moreover, in line with the expression
in adult organs, hdac8 was expressed in muscles and gut (Fig. 5C).
At 48 hpf, hdac8 was expressed in the CNS, eyes, muscles and fin
buds (Fig. SD-D").

hdac8 loss-of-function results in increased cell
death in the CNS

Loss-of-function studies were carried out by injecting a
morpholino (hdac8-MO; Gene Tools LLC, Philomath, OR, USA),
a modified antisense oligonucleotide which binds specifically
to hdac8 messenger RNA (mRNA) blocking the production of
protein. Embryos were initially injected with different con-
centrations of ATG- or splice-hdac8-MO (0.5, 1 and 1.5 pmol
per embryo) in order to assess the dose-dependent effect.
One picomole per embryo was identified as the dose capable
of generating the greatest number of embryos with typical
phenotypic defects without causing global or drastic alter-
ations in the body plane development. Embryos injected with
1 pmole per embryo of ATG- or splice-hdac8-MOs were devel-
opmentally abnormal with defects in the cephalic structures
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Figure 6. Phenotypical analysis of embryos with hdac8 loss of function. (A-D) Phenotypical analysis of embryos at 24 hpf microinjected with hdac8-MO. (B and C)
compared to control embryos (A). (A’, C’) higher magnification of the cephalic region of the embryo in A and C. (D) Quantification of embryos microinjected with hdac8-
MO presenting phenotypes with different degree of severity classified as: class I mild phenotype and class II severe phenotype. (E and F) Western blot analyses showed
reduced levels of Hdac8 (42 kDa) in the 24 hpf ATG-hdac8-MO injected embryos compared to controls at the same developmental stage (E) and in splice-hdac8-MO
injected embryos compared to controls at the same developmental stage (F). Gapdh (36 kDa) housekeeping in (E) and Vinculin (120 kDa) in (F). (G) RT-PCR performed on
control and splice-hdac8-MO injected embryos at 24 hpf. RT-PCR primers were designed in exon1and intron1. The amplification product was 277 bp and comprehended
the intron1 in splice-hdac8-MO injected embryos, while in ctrl-MO there was no amplification as the intron1 was removed. Scale bars indicate 100 pm.

(eye size, structure of the CNS) and in the formation of the
tail (curved tail). Similar morphological phenotypes were
obtained with the injection of the two different morpholinos
directed against hdac8. These defects were used as benchmark
to classify hdac8-MO into two phenotypic classes (class I
mild phenotype and class II severe phenotype) (Fig. 6A-C’).
The distribution of the phenotypical classes was comparable
between the ATG- and splice-hdac8-MOs, strongly suggesting
that the morphological defects were caused by hdac8 loss of
function (Fig. 6D). To further validate the hdac8-MO efficiency,
we analyzed Hdac8 protein levels in 24 hpf embryos injected
with ATG- or splice-hdac8-MOs. Quantification analyses indi-
cated that, at this concentration, the efficiency of Hdac8
reduction was ~50% (Fig. 6E-F). Since splice-hdac8-MO was
designed against the hdac8 exonl-intron1 junction, the retention
of intron1 in morphant embryos was verified by PCR technique

(Fig. 6G).

CNS malformations are caused by augmented
apoptosis rescued by WNT pathway activation

The abnormal development of cephalic CNS was associated
with the presence of apoptotic/necrotic tissues. Hence, TUNEL
assays were conducted in hdac8-loss-of-function embryos at
24 hpf for evaluating rate of programmed cell death. Analysis
showed increased apoptosis at the level of the midbrain, hind-
brain optic vesicles and spinal cord in embryos injected with

hdac8-MO compared to the control embryos (Fig. 7A-B). As we
have previously shown in zebrafish models of cohesinopathies
(13,14) that augmented apoptosis was caused by altered canoni-
cal WNT pathway, hdac8-loss-of-function embryos were treated
with lithium chloride (LiCl) for activating the WNT pathway.
Following treatment with LiCl, TUNEL assay showed signifi-
cantly reduced levels of apoptosis compared to control embryos
(83.3%; N = 42; Fig. 7C). Moreover, injecting an in vitro synthe-
sized zebrafish hdac8-mRNA a rescue of the apoptotic pheno-
type caused by the splice-hdac8-MO was observed, confirming
the role for hdac8 in preventing apoptosis (Fig. 7D). For these
experiments, the splice-hdac8-MO was utilized for avoiding the
possible direct impact of the ATG-hdac8-MO against the injected
hdac8-mRNA.

The efficacy and specificity of the hdac8 loss of function were
extensively tested with the two hdac8 morpholinos as shown in
Fig. 8. Increased apoptosis was obtained with the injection of
the ATG or splice-hdac8-MO (Fig. 8B-C) in comparison to con-
trols (A); the levels of apoptotic cells were increased in class II
embryos with more severe phenotype than class I (Fig. 88’-C’).
Moreover, to address a synergistic effect of the two morpholi-
nos, we injected subcritical doses of ATG-hdac8-MO (0,5 pmol/
embryo) or splice-hdac8-MO (0,5 pmol/embryo) that singularly
did not cause any effects on cell death. When co-injected with
subcritical doses of each MO, the typical apoptotic phenotype
previously observed by means of full doses injections was found
(Fig. 8D).
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Figure 7. Apoptosis is increased in hdac8-MO-injected embryos and rescued by LiCl treatment or hdac8-mRNA injection. (A-C) Analysis of the apoptotic cells by visual
TUNEL staining in embryos at 24 hpf microinjected with hdac8-MO (B) compared to control embryos (A). Dying cells were present in particular at the level of the CNS
(arrows in brain and spinal cord) and in optic vescicles as shown by transverse histological sections carried out at the level of the black line (I and II) in Aand B (A!, A",
Bl, B1l). (C) Reduced apoptosis in hdac8-MO injected embryos upon LiCl treatment. (D) Reduced apoptosis was also observed in embryos co-injected with splice-hdac8-MO
and hdac8/mRNA. Scale bar indicates 100 pm.
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Figure 8. Specificity of the apoptotic phenotype observed following hdac8 hap fficiency. The i d apoptosis was specifically due to the hdac8 haploinsuffi-
ciency as it was obtained by injecting of the two different ATG and splice-hdac8-MO. (A-C) Specificity of the apoptotic phenotype following hdac8 loss of function. The
increased apoptotic levels were present in both ATG- and splice-hdac8-MO-injected embryos (B and C) in comparison to controls (A). Fluorescent TUNEL staining in
embryos injected with different morpholinos confirmed the specificity of the phenotype. The class Il embryos (B'-C’) presented more apoptotic cells than embryos of
class I (B and C). (D) Injection of subcritical doses of ATG- and splice-hdac8-MO that singularly did not generate apoptosis demonstrated a synergistic effect on apoptotic
levels. SC, spinal cord; di, diencephalon; h, hindbrain; n, notocord. Scale bar indicates 100 pm.

Discussion (21). In the present study, inhibition of HDAC8 enzymatic activity
leads to an excessive apoptosis both in murine NSCs and in the
developing vertebrate brain. HDAC8 is a histone deacetylase
known to act on SMC3 availability; hence, it is considered a

Regulation of neuronal cell death is a fundamental process dur-
ing both embryonic and adult life (19). During embryonic devel-
opment, neurons are produced in excess number probably to

ensure an adequate number of nerve cells at birth (20). Increased player in the cohesin complex (12). Indeed, deacetylation of
apoptosis during brain development has been associated to SMC3 is a critical step for protein recycling in cells. Cohesins
abnormal morphology and to adult behavioral abnormalities and condensins are protein complexes acting prominently as
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regulators of cell division, controlling deoxyribonucleic acid
(DNA) content separation in daughter cells. Intriguingly, germ
line mutations in both complexes are associated with human
conditions affecting brain development. Biallelic mutations
in condensin components NCAPD2, NCAPH, or NCAPD3 cause
microcephaly in humans (22). Dominant autosomal or X-linked
mutations in cohesin complex genes cause CdLS, a congenital
multiorgan syndrome that presents microcephaly and autistic
self-aggressive behaviors (9). Previous studies on models of
CdLS have reported increased cell death in the developing brain
(13,14,23) associated to an impaired activation of the canonical
WNT pathway or mitotic imbalance in the rad21 model, in
which molecular analyses have shown both by array and RNA
sequencing deregulation of the WNT pathway (24,25). Canonical
WNT pathway is mediated by activation of p-catenin, reduced in
CdLS models, that translocates in the cell nucleus where it binds
to DNA for gene expression regulation (26,27). Among known
targets, Cyclin D1 (CCND1) is extensively described (28). Notably,
CCND1 is known to play a pivotal role during neurogenesis.
Indeed, it has been shown that overexpression of the cyclin-
dependent kinase 4 (cdk4)-cyclinD1 complex, positive regulators
of cell cycle progression, induces NSCs’ expansion (29). Moreover,
several studies indicated that shortening of NSCs’ cell cycle in
embryonic and adult brain is sufficient for inhibiting neuronal
differentiation (30,31). Hence, we sought to evaluate a model of
CdLS NSCs. We inhibited HDAC8 using PCI34051, a chemical
compound known to specifically act on HDAC8 deacetylase
activity (12) in proliferating and differentiating murine NSCs.
Our results clearly showed that upon HDACS8 inhibition NSCs
reduce their capability of proliferating, confirming recent
findings shown in cell lines (32). Likely, this is because of the
observed increased apoptosis and it does not translate into
an augmented differentiation as expected in physiological
condition in smooth muscle (33) and brain (34). It was already
demonstrated, in cellular model of glioblastomas, that the
knockdown of another cohesin, SMC1A, led to the significant
decrease in proliferation of U251 and U87MG cells (35). These
results are on line with our in vitro analysis of the role of
HDACS in NSCs. Importantly, we found a significant reduction
in cells positive for the neuronal marker p-tubulin III, indicating
that their neurogenic differentiating capabilities are hampered.
Importantly, it has been recently shown that retinoic pathway
response is impaired in CdLS patients fibroblasts, suggesting
a weaken activation following exposure to a master player
in neuronal differentiation (36). A neuronal reduction in CdLS
patients could explain part of the behavioral and morphological
features often reported after birth [as reviewed in (37,38)].
Hence, a detailed analysis in mammals should be conducted
for better dissecting this possibility. To note, a consistently high
expression of CdLS-cohesins in the developing mouse embryos
and human adult CNS, especially in hindbrain and hindbrain-
derived structures (39), notwithstanding the non-proliferative
characteristics of such organs, has been recently reported.
In the present study, Danio rerio models of hdac8 deficiency
obtained by morpholino antisense injections confirmed an
increased apoptosis in the developing CNS associated with
altered canonical WNT pathway. Molecular and morphological
alterations could be rescued upon chemical activation by LiCl
treatment as previously shown in other CdLS models (13).

In conclusion, we report an association between HDAC8 inhi-
bition—model of CdLS—and increased cell death in the devel-
oping neural tissues, both in vitro and in vivo with a consequent
reduction in neuronal differentiation capabilities, which could
be involved in the severe mental retardation observed in CdLS.
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Materials and Methods
Neural stem cells

NSCs obtained from SVZ of 4 months old C57 BL6 male mice were
used. Cells were cultivated in a medium containing epidermal
growth factor (EGF) and fibroblast growth factor (FGF) (40-42).
Three different cultures from three mice were used for the
experiments.

PCI34051 treatment

Cells were firstly grown in a large culture flask and then
plated in a 12 wells tissue culture plate at the concentration
of 10 000 cell/cm?. Experiments were performed in triplicate for
each culture. For proliferating cells experiments, cultures were
treated either with PCI34051 25 pM, a known HDACS inhibitor
(12), or with DMSO 1:1000, a concentration that does not alter
NSCs’ properties, such as proliferation and differentiation. After
5 days of culture, spheres were harvested and mechanically
dissociated to single cells and counted. The fold change was
determined dividing the total number of cells by the initial
number of plated cells. Differentiation was achieved by plating
cells in presence of adhesion molecules Cultrex (Tema Ricerca,
Italy) and in absence of growth factors. In a 48 well plate, round
sterile coverslip of the diameter of 1 cm was inserted. Wells
were coated with 150 pl of Cultrex for 1 h and 40 000 cells were
loaded with 500 pl of medium containing FGF but not EGF (40-42)
for 2 days. Following growth factor removal, treatment with
HDAC8 inhibitor was started. Two different time points (from
day 3 to day 7 and from day 5 to day 7) were used. As control,
treated cells with DMSO 1:1000 for days 3 to 7 were used. At
the end of the treatment, the medium was removed, the cells
washed once with Phosphate-Buffered Saline (PBS) and fixed
with 4% paraformaldehyde for 10 min. Cells were then washed
once with PBS and either used for immunocytochemistry or
stored at 4°C. Experiments were run in duplicates.

Silencing NSCs

A 48 multiwell plate was coated with laminin (Synthetic
Laminin Peptide, Sigma SCR127, Darmstadt, Germany) using a
concentration of 150 ug/ml as suggested by the supplier. Two
siRNAs (Qiagen, Germantown, MD, USA) expected to anneal
different regions of the HDAC8 transcript (Flexitube siRNA
5 nmol cat nr SI01063895 and catalogue number SI01063902)
were used. As negative control AllStars Negative Control siRNA
(cat nr 1027280) with no homology to any known mammalian
genes and minimal non-specific effects was selected. HiPerFect
Transfection Reagent (Qiagen) was used for siRNAs delivery.
Four different cultures of NSCs were used, and experiments
were run in triplicates. We first plated dissociated cells (10 000
cells per well) on laminin-coated wells as a monolayer in
500 ul of proliferative medium (PM) for 1 day. The following
day, incubation medium (with siRNAs and Transfection Reagent
prepared following the manufacturer instruction) was added
drop-wise onto the attached cells that were incubated under
their normal growth conditions for 3 h before adding the
PM medium. The medium was changed after 24 h and cells
were cultured for 2-3 days. The cells were then harvested,
dissociated and counted. siRNAs concentrations were selected
in pilot studies, choosing 20 nM as experimental concentration.
For analyses of Hdac8 silencing in differentiating NSCs, three
different cultures were used.
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Immunostaining of differentiated NSC

Differentiation capabilities were assayed by means of immunos-
taining. For this purpose, antibodies against glial fibrillary acidic
protein (GFAP; 1:250, Immunological Sciences AB-10635) and
p-tubulin III (1:250, Immunological Sciences AB-10288) were
used. Briefly, fixed cells were permeabilized with 0.1% Triton-X in
PBS for 10 min at room temperature, then the primary antibodies
were added overnight at 4°C in PBS with 10% normal goat serum
NGS. Secondary antibodies conjugated with fluorophores were
used: Alexa-fluor 488 (Goat anti mouse Immunological Sciences
1S20010) and Alexa-fluor 555 (Goat anti rabbit Immunological
Sciences 1520012). Nuclei were stained with 4/, 6-Diamidine-2'-
phenylindole dihydrochloride (DAPI) 300 nM (43). Images were
acquired using a Leica SP2 microscope, Buccinasco, Milan, Italy
with Helium/Neon and Argon/Kripton lasers. The number of
positive cells was counted and compared within treatments.
Experiments were repeated twice. A minimum of 1400 cells for
each sample and for each treatment were counted.

Apoptosis assay

Apoptosis in NSCs was quantified using a Caspase-3/CPP32
Colorimetric Assay (BioVision, Milpitas, CA, USA) following man-
ufacturer’s protocol. Briefly, NSCs were harvested after 5 days of
culture, resuspended in chilled lysis buffer and centrifuged and
supernatant

(representing cytosolic extract) was used. Following protein con-
centration measurement, spectrophotometric detection of the
chromophore p-nitroaniline (pNA) after cleavage from the
labeled substrate DEVD-pNA allowed for cell death assessment.
Samples were run as experimental triplicates and technical
duplicates.

Animals

Breeding wild-type fish (zebrafish, D. rerio) of the AB strain were
maintained at 28°C on a 14 h light/10 h dark cycle. Embryos
were collected by natural spawning, staged according to Kimmel
and colleagues (44) and raised at 28°C in fish water (Instant
Ocean, Blacksburg, VA, USA, 0,1% methylene blue) in Petri dishes,
according to established techniques. Zebrafish embryos were
raised and maintained under standard conditions and national
guidelines
(Italian decree 4 March 2014, n. 26). All experimental procedures
were approved by Institutional Animal Care and Use Committee,
N. OPBA_93_2017. Embryonic ages are expressed in hpf and dpf.
LiCl was added to fish water for 30 min at the 10-12 somite
stages at a concentration of 0.3 M at 28°C as previously described
(13). Treated embryos were then washed three times with water
and allowed to develop to 24 hpf.

Reverse transcription-PCR assays

Total RNA from 12 samples (an average of 30 embryos per
sample) was extracted with the TOTALLY RNA isolation kit
(Ambion, Life Technologies, Paisley UK), treated with RQ1 RNase-
Free DNase (Promega Madison WI, USA) and oligo(dT)-reverse
transcribed using SuperScript II RT (Invitrogen, Carlsbad, CA,
USA), according to manufacturers’ instructions. PCR products
were loaded and resolved onto 1% agarose gels. The p-actin
expression was tested in parallel with the gene of interest as a
housekeeping gene control for the complementary DNA loaded.

The following primers were used:

hdac8pr_sense 5'-ACATGAGGGTCGTGAAGCCT-3'
hdac8pr_antisense 5'-ACCGCGTCATTCACATAACA-3'
hdac8fl_sense 5'-ATGAGTGAAAAAAGCGACAG-3'
hdac8fl_antisense 5'-CGATCCTAAACTACATTCTTC-3'
hdac8E1_sense 5'-GTCCAAAGTCAGCAGACT-3'
hdac8I2_antisense 5'-GTGAGATGAACTGCACTCT-3'

In situ hybridization and histological analysis

WISH experiments were carried out as described by Thisse and
colleagues (45). For each experiment a minimum of 30 con-
trols and MO-injected embryos were analyzed. hdac8 probe was
cloned using RT-PCR primers. For histological sections, stained
embryos were refixed in 4% PFA Paraformaldehyde, dehydrated
and stored in methanol, wax embedded and sectioned (5 pm).
Images of embryos and sections were acquired using a micro-
scope equipped with digital camera with LAS Leica Imaging
software (Leica, Wetzlar, Germany). Images were processed using
Adobe Photoshop software and, when necessary, different focal
planes of the same image have been taken separately and later
merged in a single image.

TUNEL staining

For (Terminal deoxynucleotidyl transferase dUTP nick end label-
ing) assay, a minimum of 24 embryos (per experimental group)
were fixed in 4% PFA for 2 h at room temperature. Embryos
were washed with methanol at —20°C and then twice with PBC
Phosphate-Buffered Saline with Citrate (0.001% Triton X-100;
0.1% sodium citrate in PBS) for 10 min. Staining for apoptotic
cells was performed using the AP-In situ Cell Death Detection
Kit (Roche Diagnostics, Penzberg, Germany) carefully leaving
labeling reagents to react for the same length of time for all
experiments. Embryos were incubated at 37°C for 1 h and fluo-
rescent apoptotic cells were detected under a fluorescent micro-
scope (Leica). For the visual staining, embryos were then washed,
stained and mounted for microscopic imaging.

Injections

To repress hdac8 mRNA translations, two morpholinos were
synthesized (Gene Tools LLC) targeting hdac8-ATG and exonl-
intron1 junction (splice-hdac8-MO) (46),

ATG-hdac8-MO: 5'-CATTACTGTCGCTTTTTTCACTCAT-3'
splice-hdac8-MO: 5'-TGCAGAGTGCAGTTCATCTCACCCG-3',

and used at the concentration of 1 pmole per embryo in 1x
Danieau buffer (pH 7.6). A standard control morpholino oligonu-
cleotide (ctrl-MO) was injected in parallel (47). When co-injected,
ATG- and splice-hdac8-MOs were used at subcritical doses of
0.5 pmole per embryo in 1x Danieau buffer (pH 7.6). In all exper-
iments, hdac8-MO-injected embryos were compared to embryos
injected with the same amount of ctrl-MO at the same develop-
mental stage. For the in vivo test of the specificity of morpholino-
mediated knockdown, the rescue of morphants phenotype was
evaluated by co-injecting zebrafish hdac8-mRNA at the concen-
tration of 500 pg per embryo.

Western blot

Fish embryos (minimum 30 per experimental group) were
lysated in RIPA buffer (5 pl for each embryo) and homogenized.
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Samples were boiled for 10 min at 95°C. A total of 20 pl of
protein sample was size-fractionated by gel Pre-cast (Invitrogen)
and transferred with iBlot (Invitrogen). The nitrocellulose
membranes were blocked with 5% non-fat dry milk in PBST
(PBS containing 0.1% Tween 20) for 30 min at room temperature
and subsequently incubated with the primary antibody:
rabbit anti-Hdac8 [1:1000, HDAC8 (H-145) sc-11405, Santa Cruz
Biotechnology, Santa Cruz, CA, USA and mouse anti-GAPDH
(1:2500, Developmental Studies Hybridoma bank)] and mouse
anti-Vinculin (1:6000, Sigma), diluted in 4% milk/PBST over night
at 4°C. Horseradish peroxidase-conjugated secondary antibody
(Sigma Aldrich, St Louis MO, USA) was used for 1 h at room
temperature. The antigen signal was detected with the ECL
chemiluminescence detection system (Amersham, Piscataway,
NJ, USA) as specified by the manufacturer.

Data analysis

Proliferation statistical analysis was performed using Student’s
t-test. NSC immunostaining analysis was performed using the
one-way analysis of variance followed by Bonferroni’s multiple
comparison test. Apotosis assay was analyzed using student’s
t-test. P < 0.05 was set as statistically significant. For graphs,
Graphpad Prism software was used; for figures, Adobe Photoshop
was used.
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3.2 HDACS8 regulates canonical Wnt pathway to promote

differentiation in skeletal muscle

In our previous work we identified defsaif tail structure in zebrafish embryos followihgdac8
knockdown.Indeed, such alterations mighé¢ due not only to the reported impairment of CNS
development, but also to defects in other tissues, such as skeletal Suseave observeudac8
expression in zebrafish muscle tissue, we sought to assEsssible involvement of HDACS in
the development of skeletal muscle tissue. To test this hggisthn this work we characterized
HDACS8 expression in the skeletal muscle tissue and assessed the effect of its inhibitioiby PCI
skeletal muscle developmeusing bothin vivo (zebrafish andin vitro (C2C12immortalized

murine myoblast) models
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Abstract

Histone deacetylase 8 (HDACS) is a class 1 histone deacetylase and a member of the
cohesin complex. HDAC8 is expressed in smooth muscles, but its expression in
skeletal muscle has not been described. We have shown for the first time that HDAC8
is expressed in human and zebrafish skeletal muscles. Using RD/12 and RD/18
rhabdomyosarcoma cells with low and high differentiation potency, respectively, we
highlighted a specific correlation with HDAC8 expression and an advanced stage of
muscle differentiation. We inhibited HDAC8 activity through a specific PCI-34051
inhibitor in murine C2C12 myoblasts and zebrafish embryos, and we observed
skeletal muscles differentiation impairment. We also found a positive regulation of
the canonical Wnt signaling by HDAC8 that might explain muscle differentiation
defects. These findings suggest a novel mechanism through which HDAC8 expression,
in a specific time window of skeletal muscle development, positively regulates

canonical Wnt pathway that is necessary for muscle differentiation.
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1 | INTRODUCTION

Skeletal muscle is necessary to accomplish fundamental functions
such as the maintenance of the body structure, motility, and

metabolism by storing and consuming energy. Skeletal muscle
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